Fine tubes form inside cells as they reach their target tissues in epithelial ducts and in angiogenesis [1] [2] [3] [4] . Although a very suggestive model of cell hollowing proposes that intracellular lumen could arise by coalescence of intracellular vacuoles [5, 6] , how those tubes form in vivo remains an open question. We addressed this issue by examining intracellular lumen formation in the Drosophila trachea. The main branches of the Drosophila tracheal system have an extracellular lumen because their cells fold to form a tube [7] . However, terminal cells, specialized cells in some of the main branches, form unicellular branches by the generation of an intracellular lumen [8] . Conversely to the abovementioned model, we find that the intracellular lumen arises by growth of an apical membrane inwards the cell. In support, we detect an appropriate subcellular compartmentalization of different components of the intracellular trafficking machinery. We show that both cellular elongation and lumen formation depend on a mechanism based on asymmetric actin accumulation and microtubule network organization. Given the similarities in the formation of fine respiratory tubes and capillaries, we propose that an inward membrane growth model could account for lumen formation in both processes.
Summary
Fine tubes form inside cells as they reach their target tissues in epithelial ducts and in angiogenesis [1] [2] [3] [4] . Although a very suggestive model of cell hollowing proposes that intracellular lumen could arise by coalescence of intracellular vacuoles [5, 6] , how those tubes form in vivo remains an open question. We addressed this issue by examining intracellular lumen formation in the Drosophila trachea. The main branches of the Drosophila tracheal system have an extracellular lumen because their cells fold to form a tube [7] . However, terminal cells, specialized cells in some of the main branches, form unicellular branches by the generation of an intracellular lumen [8] . Conversely to the abovementioned model, we find that the intracellular lumen arises by growth of an apical membrane inwards the cell. In support, we detect an appropriate subcellular compartmentalization of different components of the intracellular trafficking machinery. We show that both cellular elongation and lumen formation depend on a mechanism based on asymmetric actin accumulation and microtubule network organization. Given the similarities in the formation of fine respiratory tubes and capillaries, we propose that an inward membrane growth model could account for lumen formation in both processes.
Results and Discussion

Asymmetric Filopodia Extension in Terminal Cell Elongation
We focused our study on the dorsal terminal branches because of their accessibility to examination ( Figure 1A) . By stage 14, the leading cells at the tip of the dorsal branches began to form the terminal branches ( Figure 1C ). Prior to any sign of cell elongation, the terminal cells emitted filopodia in all directions (Figure 1Ba , arrowheads) [9] . Shortly after, huge filopodia began to form at the place and direction of future cell elongation (Figure 1Ca ; see Movie S1 available online). This was the earliest indication of terminal cell elongation, which was then matched by a characteristic U-turn that extended ventrally ( Figure 1D ).
Intracellular Lumen Formation Is Associated with the Growth of an Apical Membrane
At the initial stage, the terminal cell had only a ring of apical membrane at the surface contacting its adjacent cell (for an early stage, see Figure 1R ). The peripheral membrane of the terminal cell, including the membrane at the cell tip, had basolateral properties ( Figure 1E ), which is in contrast to the presence of apical components at the leading edge of many migrating cells [10] .
As the cell elongated, a lumen formed in the cell without cell folding and without adherens junction ( Figure S1A ). Lumen formation began by the growth of a new membrane inwards the cell from the surface contacting the adjacent cell. This was an apical membrane, as indicated by the accumulation of components of the aPKC/Par6/Baz (Baz is the Drosophila homolog of Par3) and the Crumbs (Crb)/DPatj complexes (Figures 1F-1J ; Figures S1B and S1C). Newly formed lumen was very thin, and its diameter could not be resolved by confocal microscopy ( Figures 1G and 1I ). As the lumen elongated, it also grew in diameter in a wave from the base to the tip ( Figures 1G and 1H) . Following membrane formation, chitin (detected by the chitin-binding protein [CBP] ) accumulated inside the lumen, possibly corresponding to the intralumen filament previously described (Figures 1G and 1J) [11] .
The Terminal Intracellular Lumen Grows by Addition of Apical Membrane along Its Entire Length
To visualize the dynamics of apical membrane formation in live, we used a Baz/Par3-YFP construct driven by a trachealspecific line (Figures 1K-1M ; Movie S2). Apical membrane formation appeared as a continuous process of sprouting from the surface contacting the lumen of the principal network and following the direction of cell elongation. Thus, our observations do not support a cell-hollowing model in this case. Indeed, we did not detect preformed lumen fragments that could act as intermediates in a coalescence process in any of the 20 cases analyzed. To measure where lumen growth occurred, we used as landmarks small sproutings that occasionally formed as the lumen elongated (Figures 1K-1M ; Movie S2). In all these cases (n = 6), lumen elongated ahead and behind this sprouting and roughly in the same proportion ( Figure 1N ), supporting the idea that the incorporation of new membrane material is not restricted to specific sites, such as the tip or the base. Consistently, we detected accumulation of vesicles carrying luminal components and recycling endosomes along the length of the lumen (n = 12) (Figures 1O and 1P and see later).
It has been suggested that an intracellular lumen can initiate by penetration of the lumen from the adjacent cell. To analyze this possibility, we expressed Baz/Par3-YFP only in the adjacent cell and did not detect Baz/Par3-YFP in the terminal cell (n = 5) ( Figure 1R ). In the converse experiment, Baz/Par3-YFP only expressed in the terminal cell was not detected in the adjacent cell (n = 28) ( Figure 1Q ). These results suggest that the new apical membrane of the intracellular lumen is entirely generated by the terminal cell.
F-Actin and Microtubule Organization during Terminal Branch Formation
What are the cytoskeleton components that underlie terminal branch formation? As described [9] , an actin core forms along the growing lumen. In addition, we found that actin and moesin (Moe), an F-actin binding protein [12] , accumulated *Correspondence: jordi.casanova@irbbarcelona.org specifically at the tip of the cell (Figures 2A-2E , Figures S1G-S1I), suggesting that actin participates in the asymmetric cell elongation and/or its stabilization in the direction of elongation.
To examine the organization of the microtubule (MT) network, we first used an a-tubulin GFP construct. Before elongation, MT bundles emanated from the cell-cell junction to the cell periphery ( Figure 2F ). During elongation, MTs organized along the lumen and ahead of it, pointing toward the tip of the cell, reaching the area of high Moe and F-actin accumulation ( Figures 2G, 2H , and 2J). In addition, g-tubulin accumulated next to the lumen ( Figure 2I ), indicating that the MT minus ends face the apical membrane. The distribution of acetylated tubulin, present in older and more stable MTs [13] , followed the same pattern as the overall MT network ( Figure 2K ). However, tyrosinated tubulin, found in newly assembled MTs [13] , specifically accumulated at the tip and ahead of the lumen, thereby indicating that these could be the most recently incorporated MTs ( Figure 2L ).
The MT Network Is Required for Both Lumen Formation and Cell Elongation
To assess the role of MTs in terminal cell development, we induced MT depolymerization by overexpression of spastin (spas) [14] (Figures S2A-S2D ) and observed two types of phenotypes. In the most extreme cases, the cell emitted filopodia in the proper direction, initiated elongation, and made the U-turn, but then stopped ( Figure 3Ba ) (34%, n = 87). In these cases, the lumen did not progress either (Figure 3Bb ). Interestingly, these mutant conditions did not affect the asymmetric F-actin accumulation at the tip of the cell ( Figure S2G ). In the less-extreme phenotypes, the cell elongated but the lumen remained short in the cytoplasm, close to the nucleus ( Figure 3C ; Figure S2H ) (43%, n = 87).
We confirmed the MT requirement by examining mutants for the homolog of Lissencephaly-1 (DLis-1), which regulates dynein and participates in the MT cortical anchoring at the plasma membrane [15, 16] . In Dlis-1 mutants, terminal branches displayed lumen elongation defects, such as shorter lumen or lumen elongation in the wrong direction ( Figure 3D ) (32% n = 87); cells failed to elongate or started elongation but stopped prematurely, without affecting actin accumulation at the cell tip (data not shown). We also observed a reduced amount of MTs in Dlis-1 mutant terminal cells, and in those cases where the lumen failed to grow but cell elongation occurred, we observed MT accumulation along the stalled lumen but little or none from the lumen toward the cell tip ( Figure 3F ). This observation suggests that MT cortical anchoring itself is critical to define the site and specific direction for both cell elongation and lumen formation and to couple these two processes. These results are also consistent with the notion that lumen formation has a stricter requirement for MTs than cell elongation.
Both in the UAS-spastin experiments and in Dlis-1 mutants, we found what appeared to be small lumen fragments in the cell cytoplasm disconnected from the main lumen ( Figure 3E ; Figure S2F ). Similarly, in other systems intracellular vacuoles have been found in mutant conditions [17] , thus raising the issue of whether these structures are real intermediates in a general mechanism to generate an intracellular lumen or are the consequence of an impaired process.
We next analyzed the distribution of several elements involved in membrane protein transport and formation. Sec6 and Sec8, two components of the exocyst complex [18] , preferentially localized at the cell periphery ( Figure 3G ; Figure S2J ), and as elongation proceeded, their accumulation was stronger at the cell tip ( Figure 3H ; Figure S2K ). The interaction between the exocyst and MTs [18] could account, at least in part, for the role of MTs in cell elongation. Accordingly, the enhanced peripheral accumulation of Sec6 is lost upon MT depolymerization ( Figure 3I ). We also analyzed the distribution of Rab11, which promotes trafficking of recycled and de novo synthesized proteins to the plasma membrane [19] , and of dRip11, an effector of Rab11 [20] , and found an enhanced accumulation near and ahead of the lumen (Figures 3J-3L) . The distinct patterns of Sec6 and Sec8 and Rab11 and dRip11 suggest that their preferential accumulation is related to the addition of different domains of the plasma membrane. In this regard, the same apical secretory mechanism appears to operate in all tracheal cells [21] , but in the terminal cells it is triggered inward rather than toward a domain at the peripheral cell membrane.
Setting the Direction of Terminal Branch Elongation
What sets the direction of lumen formation and cell elongation? Previous work indicates that Hedgehog and Decapentaplegic are instrumental in setting a path in the underlying epidermis that restricts terminal branch extension [22] . Given the role of Branchless (Bnl), a fibroblast growth factor (FGF) homolog, in triggering early tracheal cell migration [23] , we sought to analyze its contribution as a cue for the direction of elongation. However, bnl mutants do not reach the stage of terminal cell determination [7] , and although bnl expression has been reported in stage 15 [22] , it is weakly expressed and we were unable to assess it during terminal cell morphogenesis. However, the following observations indicate that Bnl is such a cue. First, Bnl triggers ERK activation, and we detected accumulation of activated ERK in the cytoplasm from the leading edge to the nucleus, pointing to an asymmetric activation of the Btl receptor in the distal part of the cell (60%, n = 19) ( Figure 4H ). Second, bnl ectopic expression induced extra terminal cells that grew preferentially toward the new site of bnl expression ( Figure S3 ).
Ena Acts as DSRF Effector for Terminal Branch Formation
Cell elongation and lumen formation in the terminal cells are induced by the DSRF transcription factor, the Drosophila homolog of the serum response factor, whose expression is triggered by Bnl signaling [23, 24] (Figure 4B ). In DSRF mutants, actin accumulation along the incipient lumen was not affected but was impaired at the cell tip (in 70%; n = 23) ( Figure 4D ). Conversely, MT organization was not drastically affected, because they remained associated with the shorter lumen and pointing ahead toward the cell tip (data not shown). (Ka-Lc) Acetylated tubulin (blue in Ka, white in Kb) and tyrosinated tubulin (blue in La, white in Lb). Both kinds are found ahead of the lumen (pink stripe in Ka-Lc), but tyrosinated tubulin is not detected at the more proximal part of the lumen (green stripe in La-Lc). Lumen is outlined by CBP (red).
In mammals, SRF regulates the expression of genes involved in actin regulation [25] , including the gene coding for Enabled (Ena), a VASP protein that accumulates at areas of actin remodeling and promotes filopodia formation [26] . Among tracheal cells, Ena was more strongly detected in the terminal cells, where it first accumulated before elongation ( Figure 4E ). At later stages, Ena was enriched at the base of the cell tip, where it colocalized with F-actin and Moe ( Figure 4F ). Ena levels were strongly reduced in terminal cells in DSRF mutants, thereby indicating that ena is regulated by DSRF (n = 23) ( Figure 4G ). Accordingly, ena mutants showed disrupted terminal branch formation. In around 25% of the cases (n = 165), terminal cells displayed rare and short filopodia, as reported for ena mutants in other cell tissues [27] , and experienced an early arrest similar to that observed in DSRF mutants ( Figure 4I ). In these cases, actin accumulation at the lumen was not affected, but it was weaker at the cell tip (Figure 4Ic) . In 15% of the cases, lumen elongated in an incorrect direction, terminal cells elongated in multiple directions (Figure 4Jb) , and actin accumulated at the base of the multiple short cell tips (Figure 4Jc ). MT bundles were found along the direction of lumen elongation, and thinner bundles were also detected in the cell elongations devoid of lumen ( Figure S4C ), suggesting that actin is somehow involved in MT organization at the cell tip, as postulated for the growth cone in axons [28] . These results indicate that Ena is one of the effectors of DSRF on terminal cell formation.
On the basis of all of these results, we propose the following inward membrane growth model ( Figure 4K ). Bnl signaling activates DSRF, which in turn promotes cell elongation and intracellular lumen formation. Ena acts as an effector of this mechanism. As a result, asymmetric actin accumulation allows a specific MT organization that is instrumental in the generation of apical and basal membranes, probably by directional intracellular trafficking, thus coupling cell elongation and intracellular lumen formation. Interestingly, SRF is required for the gene response to vascular endothelial growth factor and FGF in angiogenesis in mice, and SRF mutants cause a reduction of filopodia extensions and defects in sprouting angiogenesis at the tip of small vessels [29, 30] . Given their similarities [31] , the mechanism reported could be a general means to couple (Ja-Jc) In other cases, mutant terminal cells elongate in multiple directions (arrows in Jb), leading to misdirectioning of the lumen dorsally and accumulation of actin at each cell tip (arrowheads in Jc). In both cases, the lumen is shorter than in the wild-type. (K) We propose the following inward membrane growth model. Bnl signaling activates DSRF, which in turn promotes cell elongation and intracellular lumen formation. Ena acts as an effector of this mechanism. As a result, asymmetric actin accumulation allows a specific MT organization that is instrumental in the generation of apical and basal membranes, probably by directional intracellular trafficking, thus coupling cell elongation and intracellular lumen formation. intracellular lumen formation with cell migration or elongation in angiogenesis and respiratory system development in both vertebrates and invertebrates.
Experimental Procedures
Drosophila Stocks and Genetics The following stocks are described in FlyBase (http://flybase.bio.indiana. edu): Dlis1
G1014
, ena 23 , btl
LG19 , btl > moesinGFP, UAS-srcGFP, UAS-act42A-GFP, UAS-a-tubulinGFP, 69BGal4, LP1Gal4, and pnrGal4. pruned 1 is a DSRF mutant described in [24] . We used the GAL4 system [32] for overor misexpression experiments. We used btlGal4 as a pantracheal driver and DSRFGal4 [33] and a Gal4 insertion in DSRF (from M. Calleja and G. Morata) as specific terminal cell drivers. We checked that btlGal4 is functional in btl mutants. To ectopically express Bnl, we used 69BGal4, LP1Gal4, and pnrGal4. We also used UAS-bazYFP [34] , UAS-PHGFP [35] , UAS-spastin [14] , UAS-bnl [23] , UAS-DSRF [36] , and UAS-hSRFVP16 [24] . To drive the expression of the UAS-bazYFP construct in groups of tracheal cells, we used the btl > y+ > Gal4 FLP-out cassette [37] . We used a ubiquitously expressed yellow fluorescent protein tub > YFPrab11 [38] , which reproduces the endogenous Rab11 distribution in the trachea [21] .
Immunohistochemistry and Image Acquisition Embryos were staged as described by Campos-Ortega and Hartenstein and stained following standard protocols. For immunostaining, embryos were fixed in 4% formaldehyde for 20-30 min and DCAD2 for 10 min. To visualize MTs, we fixed embryos as in [39] . We used antibodies that recognize DE-Cad (Developmental Studies Hybridoma Bank [DSHB]), DSRF (Cold Spring Harbor Laboratory [CSHL]), GFP (Molecular Probes and Roche), b-Gal (Cappel and Promega), a-tubulin (Sigma), ace-tubulin (Sigma), tyrtubulin (Sigma) and g-tubulin [40] , dpERK (Sigma), actin (MP Biomedicals), aPKC (Santa Cruz Biotechnology), Par6 [41] , DPatj [42] , Sec8 and Sec6 [43] , dRip11 (made by N. Martin in our laboratory), Dlg and mAb2A12 (DSHB), and Cy2-, Cy3-, and Cy5-conjugated secondary antibodies (Jackson ImmunoResearch). Chitin was visualized with CBP (New England Biolabs). For 2A12 fluorescent staining, the signal was amplified with tyramide signal amplification (NEN Life Sciences). Fluorescent images were obtained with confocal microscopy (Leica TCS-SP5-AOBS system, Leica DMI6000B microscope). Images are maximum projections of confocal Z sections.
Time-Lapse Experiments btlGal4 and UAS-srcGFP (Movie S1) and btlGal4 and UAS-bazYFP (Movies S2 and S3) embryos were mounted for live imaging as described [37] . Images were collected on a Leica TCS-SP5-AOBS system. Sections were recorded every 1 min and 30 s for 2.5 hr (Movie S1), every 40 s for 2 hr (Movie S2), and every 3 min for 1 hr and 33 min (Movie S3).
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